INTRODUCTION
Skeletal myogenesis follows a defined pattern of temporal gene expression during embryonic and postnatal growth (reviewed in Bentzinger et al., 2012) . This process is very similar among mammals, poultry, and fish but with some species-specific differences (Rehfeldt et al., 2011) . For example, in mammals and birds postnatal muscle growth is due to hypertrophy or an increase in muscle fiber size.. In contrast, in fish both hypertrophy and hyperplasia, which is an increase in the number of muscle fibers, play roles in muscle growth.
The functional units of muscle are the muscle fibers, of which the number and size determine muscle mass. During embryonic myogenesis, muscle fibers are generated from mesoderm-derived structures. For most species the majority of muscle fibers are set at birth (Rehfeldt et al., 2011) . Similarly for chickens, the total number of skeletal muscle fibers remains unchanged posthatch (Smith, 1961; Gollnick et al., 1983) . Thus postnatal muscle growth is mainly due to hypertrophy, which leads to an increase in muscle fiber size. A population of myogenic cells known as satellite cells persists in a quiescent, nonproliferative state. upon activation, satellite cells proliferate and fuse with the muscle fibers, leading to an increase in DNA content and protein synthetic capacity, which results in hypertrophy.
Myogenesis is regulated by the expression of the paired-box (Pax) transcription factors Pax3 and Pax7 and the myogenic regulatory factors (MRF), Myf5, MyoD1, myogenin (MyoG), and Mrf4 (Myf6, herculin) . The Pax3 and Pax7 act as master regulators of early lineage specification and are expressed genetically upstream of the MRF during early muscle development (Collins et al., 2009) . The Pax3 and Pax7 are expressed in satellite cells and are downregulated during muscle cell differentiation, although Pax3 is expressed in a subset of satellite cells (Kuang and Rudnicki, 2008) . The MRF are basic helix-loop-helix proteins that are collectively expressed in the skeletal muscle lineage. The primary MRF Myf5 and MyoD commit cells to a myogenic program, and the secondary MRF MyoG and Mrf4 are terminal differentiation genes that are important for fusion of myocytes and formation of myotubes.
Selective breeding of animals has generated livestock and poultry with enhanced production traits. Meattype chickens have been selectively bred for faster growth, enhanced feed efficiency, and increased muscle ABSTRACT Long-term genetic selection for BW has generated high weight select (HWS) and low weight select (LWS) lines of chickens. These lines show an approximate 10-fold difference in BW at selection age (d 56). The objective of this study was to profile the expression of master regulators of early lineage specification (Pax3, Pax7) and myogenic regulatory factors (Myf5, MyoD1, MyoG, and Mrf4) on day of hatch and d 7, 28, and 56 in pectoralis major and gastrocnemius muscles. There was a line × age interaction for expression of all 6 genes in both muscles. In pectoralis major muscle, Pax3, MyoD1, and Mrf4 showed greater expression in LWS than HWS at day of hatch, whereas all 6 genes showed greater expression in HWS than LWS at d 28. In gastrocnemius muscle, Pax3, Myf5, MyoD1, and MyoG showed greater expression in LWS than HWS at day of hatch, whereas Pax7, Myf5, MyoD1, and Mrf4 showed greater expression in HWS than LWS at d 28. At day of hatch there was no difference in fiber number in gastrocnemius muscle between HWS and LWS; however, HWS had greater fiber diameter than LWS. These results indicate that in LWS there is enhanced expression of genes that are necessary for proliferation of progenitor muscle cells and muscle cell differentiation at day of hatch compared with HWS, but by d 28 these genes are expressed greater in HWS than LWS. Thus, long-term selection for growth has altered the pattern of muscle gene expression.
mass. Divergent selection of chickens for BW at 8 to 9 wk of age have resulted in fast-growing and slowgrowing lines (Remignon et al., 1995; Dahmane Gosnak et al., 2010; Dunnington et al., 2013) . A long-term selective breeding program for 56-d BW at Virginia Tech has generated high weight select (HWS) and low weight select (LWS) lines of chickens (Dunnington et al., 2013) . A genome scan of these lines revealed that the lines are fixed for alternative alleles at 50 regions but at other regions there was a larger difference in allele frequency (Johansson et al., 2010) . There is approximately a 10-fold difference in BW between these 2 lines after 50 generations of selection. In general, HWS has more and larger muscle cells than LWS (Anthony et al., 1988 ). An analysis of differential expression of muscle genes in these lines has not been performed. The objective of this study was to investigate the expression profiles of Pax3, Pax7, MyoD1, MyoG, Myf5, and Mrf4 in skeletal muscle (pectoralis major and gastrocnemius) of the HWS and LWS lines from hatch to selection age.
MATERIALS AND METHODS

Birds and Sample Collection
The chickens used in this study were from the 55th generation of White Plymouth Rock lines selected for high and low 8-wk BW. Details about the selection procedures, husbandry, and population structure for these lines have been previously reported (Márquez et al., 2010; Dunnington et al., 2013) and will be only briefly described here. The HWS and LWS chicks were not vaccinated and were reared in battery brooders from day of hatch (DOH). Because of size differences, the lines were not intermingled. The diet fed was the same as that which has been fed throughout the selection experiment and consisted of 20% CP and 2,685 kcal of ME/kg in mash form. Feed and water were provided ad libitum.
Five males and 5 females were randomly selected and killed by cervical dislocation at DoH before feeding, d 7, 28, and 56 posthatch. Pectoralis major and gastrocnemius muscle were collected from each chicken. All tissues were excised and rinsed in PBS, frozen in cryogenic tubes in liquid nitrogen, and stored at −80°C. All animal procedures were approved by the Virginia Tech Institutional Animal Care and use Committee.
Total RNA Extraction and cDNA Synthesis
Frozen tissues were pulverized in liquid nitrogen to obtain a fine powder. Approximately 100 mg of powder was transferred to a tube with 5-mm stainless-steel beads (Qiagen, Germantown, MD) and 1 mL of Lysis reagent (5 Prime, Gaithersburg, MD) and then homogenized twice for 2 min at 20 Hz in a Tissue Lyser II (Qiagen). The homogenate was centrifuged at 4°C for 10 min at 12,000 × g and total RNA was extracted according to the manufacturer's protocol (5 Prime). Total RNA was further purified using spin columns from the RNeasy Mini Kit following the manufacturer's instructions (Qiagen). The RNA quantity and quality was assessed by spectrophotometry (Nanodrop ND-1000) and agarose-formaldehyde gel electrophoresis. The cDNA was synthesized using the High Capacity cDNA reverse transcription kit (Applied Biosystems, Grand Island, NY) in a 20-μL volume containing 1 μg of total RNA, according to the manufacturer's instructions.
Quantitative Real-Time PCR
Five microliters of cDNA (diluted 1:10) was added to 20 μL of PCR master mix containing 12.5 μL of 2× SYBR Green Master Mix (Applied Biosystems), 0.5 μL of forward primer (10 μM), 0.5 μL of reverse primer (10 μM), and 6.5 μL of diethylpyrocarbonate-treated water. Primers for the target genes and endogenous reference gene (β-actin) were designed using Primer Express (Applied Biosystems) according to the chicken mRNA sequences in GenBank (Table 1 ). The reactions were run on an Applied Biosystems 7300 real-time PCR instrument, using the following settings: 50°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min, and a dissociation step consisting of 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s. The relative mRNA abundance of the muscle genes was normalized with β-actin as a housekeeping gene using the 2 −ΔΔCt method (Livak and Schmittgen, 2001) . Changes in gene expression were calculated separately for pectoralis major and gastrocnemius muscles, using the respective average ΔCt value for LWS, female at DoH as the control.
Muscle Fiber Analysis
Gastrocnemius muscle from DoH chicks was collected and frozen using Tissue-Tek oCT in isopentane cooled to −150°C in liquid nitrogen. Frozen samples (10 μm) were cut with a cryostat and mounted on silane-coated glass slides. Samples were dried and then blocked with 5% goat serum followed by incubation with Alex fluor-488 labeled wheat germ agglutinin (Life Technologies, Grand Island, NY) for 1 h. Samples were treated with Pro-Gold Antifade with DAPI for fluorescence imaging (T. L. Scheffler, J. M. Scheffler, S. C. Kasten, S. Park, Y. Wu, R. P. McMillan, M. W. Hulver, M. I. Frisard, and D. E. Gerrard, Virginia Tech, Blacksburg). The images were captured for each section using a Nikon fluorescence microscope (200×). The muscle fiber diameter was analyzed by the imaging software of NIS Elements AR 413.00 (Nikon, Melville, NY), and the number of myofibers per square micrometer was computed.
Statistical Analysis
All data were analyzed using the GLM procedure of SPSS 17.0 (SPSS Inc., Chicago, IL). The statistical model included the main effects of line, age, sex, and interactions among them. Tukey's test was employed to separate the means, and statistical significance was considered at P < 0.05.
RESULTS
The mean BW of the HWS and LWS male and female chickens at the ages used in this study are shown in Table 2 . The random samples that were used were representative of the lines with the HWS chickens approximately 8-fold heavier than LWS at selection age (d 56).The expression of 6 muscle genes (Pax3, Pax7, Myf5, MyoD1, MyoG, and Mrf4) are shown for pectoralis major (Table 3) and gastrocnemius (Table 4) muscle, with separate rows for main effect of genetic line, developmental age, sex, and their interactions. All significant 2-way interactions are shown graphically.
There was a line × age interaction for expression of all 6 genes in both pectoralis major and gastrocnemius muscles. In pectoralis major muscle, Pax3 (P < 0.001, Figure 1A ) and MyoD1 (P < 0.001, Figure 1D ) mRNA abundance was greater in LWS than HWS at DoH, but was greater in HWS than LWS at d 28. The expression of Pax7 (P = 0.047, Figure 1B ) and MyoG (P = 0.045, Figure 1E ) was greater in HWS than LWS at d 28. The Myf5 (P < 0.001, Figure 1C ) mRNA abundance was greater in HWS than LWS on d 7, 28, and 56. The Mrf4 (P < 0.001, Figure 1E ) mRNA was greater in LWS than HWS at DoH, but greater in HWS than LWS at d 7 and 28. overall, in pectoralis major muscle, Pax3, MyoD1, and Mrf4 showed greater expression in LWS than HWS at DoH, whereas at d 28 all 6 genes showed greater expression in HWS than LWS.
In gastrocnemius muscle, expression of Pax3 (P < 0.001, Figure 2A ) mRNA was greater in LWS than HWS at DoH, but was higher in HWS than LWS at d 7. The Pax7 (P < 0.001, Figure 2B ) and Mrf4 (P = 0.004, Figure 2F ) mRNA abundance was greater in HWS than LWS at only d 28, whereas Myf5 (P < 0.001, Figure  2C ) mRNA abundance was greater in HWS than LWS at d 28 and 56 and greater in LWS than HWS at DoH. The MyoD1 (P < 0.001, Figure 2D ) mRNA abundance was greater in LWS than HWS at DoH, but greater in HWS than LWS at d 7 and 28. the MyoG (P = 0.020, Figure 2E ) mRNA abundance was greater only in LWS than HWS at DoH. overall, in gastrocnemius muscle, Pax3, Myf5, MyoD1, and MyoG all showed greater expression in LWS than HWS at DoH, whereas at d 28 Pax7, Myf5, MyoD1, and Mrf4 showed greater expression in HWS than LWS.
There was an age × sex interaction for Myf5 mRNA abundance in both pectoralis major and gastrocnemius muscle and Mrf4 mRNA abundance in pectoralis major muscle. The expression of Myf5 (P = 0.010, Figure 3A ) in gastrocnemius muscle and Mrf4 (P = 0.003, Figure  3C ) in pectoralis major muscle was greater in males than females at d 28. The Myf5 (P = 0.039, Figure  3B ) mRNA abundance in pectoralis major muscle was greater in males than females at DoH.
There was a line × sex interaction for Myf5 (P = 0.046, Figure 4A ) mRNA abundance in pectoralis major muscle and Pax7 (P = 0.007, Figure 4B ) mRNA abundance in gastrocnemius muscle. The Myf5 mRNA abundance in pectoralis major muscle of HWS was greater in males than females but not different in LWS The number and density of muscle fibers were analyzed in the gastrocnemius muscle of HWS and LWS chicks at DoH. Although there was no difference in the density of muscle fibers between HWS (6,060 ± 165 fibers/mm 2 ) and LWS (6,019 ± 213 fibers/mm 2 ), HWS had greater fiber diameter (12.36 ± 0.08 μm) than LWS (10.92 ± 0.06 μm) at DoH (P < 0.001). 
DISCUSSION
The development of the satellite cell lineage follows an ordered progression of gene expression (reviewed in Kuang and Rudnicki, 2008) . Embryonic progenitors are a population of proliferating cells that express both Pax3 and Pax7 but not the MRF. These Pax3-and Pax7-expressing cells then become quiescent satellite cells by downregulating Pax3 and upregulating Myf5. The Pax7-and Myf5-expressing cells then upregulate MyoD1 and become myoblasts. In the final stage, these myoblasts downregulate Pax7 and upregulate MyoG to form myocytes that fuse together to form multinucleated myotubes.
In this study we examined the changes in posthatch muscle gene expression between lines of chickens that have been divergently selected for 8-wk BW for over 50 generations. In pectoralis major muscle, expression of the master regulator Pax3 and the MRF MyoD1 and Mrf4 were greater in LWS than HWS at DoH. Similarly, in gastrocnemius muscle at DoH, expression of Pax3 and the MRF MyoD1, MyoG, and Mrf4 was greater in LWS than HWS. Selection for lower BW has led to a paradoxical increase in mRNA for both Pax3, which is necessary for proliferation of progenitor muscle cells and MRF, which is necessary for muscle cell differentiation at DoH. These results suggest that there is expansion of 2 populations of cells, progenitor cells expressing Pax3 and differentiated cells expressing MRF. Alternatively there could be a subpopulation of Pax3-and MRF-expressing cells. Kuang et al. (2006) identified a rare population of Pax3+/MyoD1 myoblasts that were present in Pax7−/− mutants. However, because we analyzed whole muscle tissue and not individual Figure 1 . Effect of genetic line and age on mRNA abundance of genes in pectoralis major muscle from high weight select (HWS) and low weight select (LWS) lines at day of hatch (DoH) and d 7, 28, and 56 posthatch. Data for Pax3 (A), Pax7 (B) Myf5 (C), MyoD1 (D), MyoG (E), and Mrf4 (F) represent means of 10 chickens (5 from both sexes) ± SEM. Mrf = myogenic regulatory factor; MyoG = myogenin; Pax = paired box. There was an interaction of genetic line × age for all 6 genes, P < 0.05. Bars for each gene with a different letter (a-d) are significantly different (P < 0.05).
cells, we could not differentiate between the 2 possibilities. A possible explanation for these gene expression results at the morphological level may come from fiber diameter and density measures in gastrocnemius muscle at DoH. There was no difference in fiber density between HWS and LWS; however, fiber diameter was greater in HWS than LWS chicks at DoH. Thus the increased gene expression in LWS at DoH did not result in more muscle fibers or fibers with greater diameter. A more detailed analysis of muscle cell type in these fibers might provide a basis for the differences in gene expression between these lines at DoH.
At d 7 and particularly d 28, when there is a line × age interaction, expression of the muscle genes is greater in HWS than LWS. At d 28, all 6 genes examined were expressed greater in pectoralis major muscle of HWS than LWS, whereas all except MyoG were expressed greater in gastrocnemius muscle of HWS than LWS. Thus, during the early period of rapid growth (d 7 to 28), muscle gene expression is greater in HWS than LWS in both muscles. By d 56, however, expression of some of these muscle genes is lower than d 28 but the same between HWS and LWS.
Muscle growth is under the influence of hormones such as insulin-like growth factor I (IGF-1; Bentzinger et al., 2010) . The IGF-1 secreted from the liver can act as an endocrine hormone or IGF-1 synthesized locally can act as an autocrine/paracrine hormone. on d 28, liver IGF-1 mRNA expression, which is the main contributor to plasma IGF-1 concentrations, and pectoralis major muscle IGF-1 mRNA are greater in HWS than LWS (Wu et al., 2011) . This is the time that the BW of HWS is increasing at a faster rate than LWS and the expression of Pax7, MyoG, MyoD1, Myf5, and There was an interaction of genetic line × age for all 6 genes, P < 0.05. Bars for each gene with a different letter (a-c) are significantly different (P < 0.05).
Mrf4 are greater in HWS than LWS in both the pectoralis major and gastrocnemius muscles.
The differential expression of myogenic genes has been previously examined during embryogenesis in chickens and quail. Expression of the muscle genes, MyoD and MyoG, in pectoralis major and gastrocnemius muscle was measured from embryonic (e) d 13 to e18 of broilers and layers (Al-Musawi et al., 2011) . Pectoralis major muscle in broilers compared with layers showed increased MyoD on e14 and e15 and increased MyoG on e16, which likely caused an increase in muscle fiber hyperplasia. Gastrocnemius muscle in broilers showed increased MyoD on e15 but decreased MyoG expression on e14 and e15 compared with layers. A similar study was conducted measuring differential expression of myogenesis genes (MyoD, MyoG, muscle Lim protein, and myostatin) in breast muscle during embryogenesis in quail and chickens (Ban et al., 2013) . Expression of MyoD was lower in quail than chicken from e7 to e9, whereas expression of MyoG was lower in quail than chicken from e7 to e17 with peak MyoG expression 1 d earlier in quail than chickens. Japanese quail that have been selected for 88 generations for heavier BW (P-line) are 3 times heavier at 4 wk of age than their unselected control line (C-line; Coutinho et al., 1993) . The P-line shows myofiber hyperplasia and a delay in the expression of MyoD (qmf1), myoG (qmf2), and Myf5 (qmf3) during embryogenesis. This phase delay in the expression of the MRF may increase the population of muscle stem cells, which then causes myofiber hyperplasia seen in the P-line but not the Cline. Thus the expression profiles of myogenesis genes were altered due to genetic selection for growth (quail P vs. C lines) or production traits (layer vs. broilers).
Changes in posthatch muscle characteristics have been studied in chickens with muscle enlargement due to a chronic load or selection for BW. Enlargement of the anterior latissimus dorsi by hanging a weight on one wing was due to hypertrophy of preexisting fibers and not formation of new fibers (Gollnick et al., 1983) . Divergent selection of chickens for 16 generations for BW at 8 wk of age produced a fast-growing line (FGL) and slow-growing line (SGL) that showed an approximately 3-fold difference in BW at 9 wk of age (Dahmane Gosnak et al., 2010) . Muscle fiber diameter in the biceps femoris muscle was greater in FGL than SGL, but the same in the pectoralis profundus muscle of FGL and SGL. In another study, chickens selected for over 31 generations for high or low BW at 9 wk of age also resulted in FGL and SGL lines, which also showed a 3-fold difference in BW at 11 wk of age (Remignon et al., 1995) . From 1 wk of age and thereafter, the myofiber cross-sectional area was greater in FGL than SGL in both pectoralis major and anterior latissimus dorsi muscles. These results are consistent with the findings that postnatal increase in muscle mass is due to hypertrophy rather than hyperplasia (Smith, 1961) .
In summary, genetic selection for BW has altered the expression profiles of 6 muscle genes between the HWS and LWS lines. At DoH, Pax3, MyoD1, and Mrf4 showed greater expression in pectoralis major muscle in LWS than HWS, whereas Pax3, Myf5, MyoD1, and MyoG showed greater expression in gastrocnemius muscle in LWS than HWS. In contrast, by d 28 the expression pattern was reversed with all 6 muscle genes expressed greater in HWS than LWS in pectoralis major muscle and Pax7, Myf5, MyoD1, and Mrf4 expressed greater in HWS than LWS in gastrocnemius muscle. These genetically selected lines for BW can serve as models for dissecting the genes involved in muscle growth and development.
